Introduction {#sec1}
============

Glycogen storage disease type Ia (GSD Ia) is caused by mutations in the *G6PC* gene, leading to the deficiency of glucose-6-phosphatase (G6Pase), the enzyme responsible for maintaining normoglycemia via the dephosphorylation of glucose-6-phosphate (G6P) to produce free glucose.[@bib1] Without G6Pase, a key enzyme in both gluconeogenesis and glycogenolysis, severe hypoglycemia occurs during periods of fasting between meals.[@bib2] Dietary therapy consisting of strictly scheduled uncooked cornstarch consumption has reversed acute symptoms and increased the lifespan of GSD Ia patients;[@bib3]^,^[@bib4] however, there has been little progress in reversing hepatocellular abnormalities that lead to long-term complications. Most GSD Ia patients develop hepatomegaly early in life, and 70%--80% of individuals older than 25 have at least one hepatocellular adenoma (HCA).[@bib5] Approximately 10% of patients with adenomas will develop hepatocellular carcinomas (HCCs) thought to be derived from preexisting adenomas.[@bib6]^,^[@bib7] The predominant liver abnormalities in GSD Ia are accumulated glycogen and triglycerides, and the latter represents hepatosteatosis. The hepatosteatosis in GSD Ia might underlie liver tumor formation, given that previous research has shown increased risk of HCC linked to steatosis in patients with non-cirrhotic non-alcoholic fatty liver disease (NAFLD) and type II diabetes.[@bib8] Recent studies have also shown that macroautophagy (referred henceforth as autophagy) is impaired in G6Pase-deficient hepatic cells, both *in vitro* and *in vivo*.[@bib9] Autophagy functions as the cell's recycling system by sequestering damaged organelles and other cytoplasmic components for delivery to the lysosome to be degraded.[@bib10] The deficiency in autophagy has been linked to hepatosteatosis in GSD Ia, and the reversal of hepatosteatosis has been linked to the induction of autophagy in mice with GSD Ia.[@bib9]^,^[@bib11] Autophagy-deficient mice tend to develop multiple HCAs and suggest that defective autophagy could contribute to HCA development in GSD Ia.[@bib12] Additionally, metabolic perturbations in GSD Ia associated with the loss of several cellular defenses, such as autophagy, antioxidant enzymes, dysregulation of ER stress responses, and apoptosis, can lead to the formation of HCC.[@bib13]

Gene therapy with adeno-associated virus (AAV) vectors encoding G6Pase have demonstrated efficacy in mice and dogs with GSD Ia, reversing hepatocellular abnormalities to a great extent.[@bib14] Accumulated glycogen was remarkably decreased in the liver of dogs with GSD Ia, in association with decreased hepatic lipids, following administration of an AAV serotype 2 vector cross-packaged as AAV serotype 8 (AAV2/8-G6Pase), and efficacy was maintained for 1 year.[@bib15] We recently described five GSD Ia dogs treated with AAV-G6Pase therapy that survived up to 8 years; however, four of these dogs had hepatocellular tumors, indicating some loss of therapeutic efficacy.[@bib16]

Several experiments have demonstrated that AAV vector administration to young mice accomplished a high level of liver transduction, followed by declining numbers of vector genomes over the ensuing months.[@bib14]^,^[@bib17], [@bib18], [@bib19] For example, an AAV2/8 vector encoding G6Pase decreased from \> 2 copies per liver cell at 1 month of age to 0.3 copies at 7 months of age in *G6pc*^−/−^ mice with GSD Ia.[@bib14]^,^[@bib15]^,^[@bib20] Similarly, an AAV2/8 vector was administered to a GSD Ia puppy at 1 day of age and prevented fasting hypoglycemia for 3 h at 1 month of age; however, by two months of age the dog became hypoglycemic after 1 h of fasting.[@bib18] These data raised the possibility that the biochemical correction from transduction of the liver with AAV vectors might decrease over time, with the accompanying risk that efficacy might be diminished. Indeed, Lee et al.[@bib20] reported that \> 90% of G6Pase activity was lost between 6 and 18 months following administration of an AAV2/8 vector encoding G6Pase to neonatal *G6pc*^−/−^ mice, but also that hypoglycemia and HCC formation was prevented by only 3% of normal G6Pase activity in the liver. Long-term monitoring of *G6pc*^−/−^ mice following administration of an AAV2/9 vector encoding G6Pase at 2 weeks of age revealed persistence of transgene expression in only a small fraction of cells, suggesting that the great majority of hepatocytes remain uncorrected following AAV vector-mediated gene replacement.[@bib21]

Earlier experiments demonstrated the need for more complete and persistent correction of G6Pase deficiency in the GSD Ia liver, which has motivated us to develop a genome-editing strategy to more stably replace G6Pase and more effectively prevent tumor formation in the liver.

We have developed a zinc-finger nuclease (ZFN) targeted to the *ROSA26* gene in mice to insert a transgene into a safe harbor locus and stably correct the G6Pase deficiency in GSD Ia.[@bib22] Administration of two AAV2/9 vectors (cross-packaged as AAV9), one containing the ZFN and one containing a ROSA26-targeting vector containing a *G6PC* donor transgene, markedly improved survival in *G6pc*^−/−^ mice through stable G6Pase expression in liver. However, HCC have not been observed in untreated *G6pc*^−/−^ mice as old as 6 months, which limits the usefulness of this model for studying the prevention of HCC.[@bib23] Based on these results, we have investigated whether a genome-editing-based correction approach with these two vectors can suppress hepatic tumors in the adult liver-specific *G6pc*^−/−^ mouse model (L-*G6pc*^−/−^), a model that consistently formed HCC by 1 year of age.[@bib24]

Results {#sec2}
=======

Suppression of Hepatic Tumors with G6Pase Expression in the L-G6pc^−/−^ Mouse and Canine Models {#sec2.1}
-----------------------------------------------------------------------------------------------

We administered AAV vectors to perform ZFN-mediated genome editing in L-*G6pc*^−/−^ mice, with the goal of preventing hepatic tumor formation in the GSD Ia liver. The vectors, AAV2/9-ZFN (ZFN-containing) and AAV2/9-RoG6P (*G6PC* donor-containing) were administered to L-*G6pc*^−/−^ mice at 7--8 weeks of age, following liver *G6pc* deletion induced by tamoxifen injection at 3 weeks of age as described.[@bib24] The *G6PC* donor vector is designed to integrate at the *Rosa26* locus, once cleaved by the ZFN, following administration of dual vectors.[@bib22] Dual vector-treated mice were compared with groups of mice that received the ZFN-containing or donor-containing vector alone. The ZFN group was essentially untreated, because no *G6PC* transgene was delivered to correct G6Pase deficiency. The donor group had no effect on genome editing, because no ZFN was present to produce double-stranded breaks at the *Rosa* locus.[@bib22] The effect of genome editing following AAV vector administration was evaluated by measuring liver weight, G6Pase activity, glycogen accumulation, triglycerides, nuclease activity, transgene integration, and G6PC vector DNA, as well as blood glucose during a 12-month period following dual vector administration ([Figure S1](#mmc1){ref-type="supplementary-material"}). These data indicated that the effect of ZFN-mediated genome editing with dual vectors was similar to gene replacement with the *G6PC* donor vector in adult L-*G6pc*^−/−^ mice, when groups of both sexes were evaluated.

Genome editing in *G6pc*^−/−^ mice has been more efficacious in male than in female mice, and therefore the data was analyzed to examine sex-related differences.[@bib22] Only ZFN+G6PC-treated male mice showed significantly decreased liver mass in comparison with the ZFN group ([Figures 1](#fig1){ref-type="fig"}A and 1B). Trends toward greater biochemical correction, including G6Pae activity ([Figure 1](#fig1){ref-type="fig"}C), hepatic glycogen accumulation ([Figure 1](#fig1){ref-type="fig"}D), and triglyceride content ([Figure 1](#fig1){ref-type="fig"}E), were demonstrated in ZFN+G6PC-treated males, in comparison with females. Both G6PC- and ZFN+G6PC-treated male mice demonstrated improved blood glucose levels in comparison with ZFN-treated male mice ([Figure 1](#fig1){ref-type="fig"}F). Comparisons of G6PC- and ZFN+G6PC-treated male mice revealed further improvement from genome editing through 12 months of observation. Female mice demonstrated improved blood glucose at fewer time points in comparison with ZFN-treated female mice ([Figure 1](#fig1){ref-type="fig"}G). Therefore, the biochemical correction of the liver with genome editing was more effective in male mice.Figure 1Gender Differences in Biochemical Correction of Liver(A and B) Analysis of liver weight normalized by body mass and by sex differences. (A) Male (ZFN, n = 5; G6PC, n = 7; ZFN+G6PC, n = 9) and (B) female (ZFN, n = 3; G6PC, n = 5; ZFN+G6PC, n = 5). Data depicted as means ± SEM. p values from t test. (C--E) Male mice of the ZFN+G6PC group showed significantly higher (C) G6Pase activity, (D) lower glycogen accumulation, and (E) lower triglycerides levels compared to same-treated female mice. No correction was shown in female mice. Numerical p values from t test. (F and G) Blood glucose levels were measured after 6 hours fasting through 12 months in both male mice (F) and female mice group (G). Numbers of mice per each group are ZFN male (n = 5), ZFN female (n = 3), G6PC male (n = 4), G6PC female (n = 6), ZFN+G6PC male (n = 9), and ZFN+G6PC female (n = 5). Data depicted as means ± SEM. \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.0005 from t test between ZFN and G6PC group. ^\$^p \< 0.05, ^\$\$^p \< 0.005, ^\$\$\$^p \< 0.0005 from t test between ZFN and ZFN+G6PC group.

Despite increased G6Pase activity, the dual vector-treated group still developed hepatic tumors (6 out of 14), although in slightly lower numbers in comparison with the *G6PC* donor (8 out of 12) and ZFN groups (4 out of 8) without reaching statistical significance. Similarly, the number of tumors per mouse in the dual vector group (0.7 per mouse) was slightly lower than in other groups (\> 0.9 per mouse). Importantly, we found that tumors lacked AAV vector genomes (p \< 0.01) in comparison with adjacent normal liver tissue ([Figure 2](#fig2){ref-type="fig"}A). Consistent with the presence of fewer vector genomes, tumors had decreased G6Pase activity (p \< 0.05) in comparison with the adjacent liver ([Figure 2](#fig2){ref-type="fig"}B). However, there was no difference in glycogen content between liver and tumor tissue ([Figure 2](#fig2){ref-type="fig"}C). Analysis of low-molecular-weight Hirt DNA fraction to detect episomal AAV vector genomes revealed that tumors also lacked episomal vector genomes ([Figures 2](#fig2){ref-type="fig"}D and 2E). In contrast, liver adjacent to tumors retained episomal vector genomes ([Figures 2](#fig2){ref-type="fig"}D and 2E).Figure 2Analysis of Hepatic Parameters between Adjacent Liver and Tumor of L-*G6pc*^−/−^ Mice after AAV Administration(A) Genomic DNAs were extracted from tumors (n = 6) and adjacent livers (n = 5) in each mouse. Donor vectors were quantified and compared between them. Donor vectors were almost lost in tumor in comparison with adjacent liver. (B and C) Hepatic G6Pase activity (B) and glycogen accumulation (C) were measured. G6Pase activity of tumor was significantly lower than adjacent liver, but glycogen accumulation levels did not differ between groups. (D and E) Low-molecular Hirt DNAs were extracted from tumors (n = 4) and adjacent livers (n = 4). Donor vectors were quantified and compared between them. (D) Tumor lacked donor vector genomes in comparison with adjacent liver. (E) Each bar indicates donor vector genome from each mouse. (F and H) ZFN activity (indel %) (F) and G6Pase activity (H) was measured in male group treated with dual vectors. Numbers of mice per each group are as follows: no tumor (n = 5), tumor (n = 4), and unaffected (n = 3). (G) Transgene integration was analyzed in tumors (n = 4) and adjacent liver (n = 3). Data depicted as means ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 from ANOVA and numerical p values from t test.

We subsequently quantified the effects of genome editing in dual vector-treated mice to allow comparisons between those with no tumors and those with tumors. The ZFN was more active in the no-tumor group, suggesting a beneficial effect of genome editing. The activity of the ZFN was analyzed with the Surveyor nuclease assay performed on liver genomic DNA. The average allele modification (insertions and deletions \[indels\]) rate was 4.5% following genome editing, while the tumor group was 0.9% (p = 0.03; [Figure 2](#fig2){ref-type="fig"}F). No transgene integration was present in available tumor DNA samples ([Figure 2](#fig2){ref-type="fig"}G). In contrast, transgene integration was detected in 9 of 12 liver samples from the ZFN+G6PC group ([Figure S1](#mmc1){ref-type="supplementary-material"}B). In addition, the male no-tumor group had G6Pase activity equivalent to unaffected mice, whereas the male tumor group had significantly decreased G6Pase activity ([Figure 2](#fig2){ref-type="fig"}H). Analysis of female mice revealed no difference in G6Pase activity between groups (data not shown). These results suggest that sufficient G6Pase expression could prevent tumor formation in transduced GSD Ia liver.

The canine GSD Ia model has features similar to human GSD Ia, including lactic acidemia and a high risk for developing HCA.[@bib16]^,^[@bib25] To verify that the same phenotype exists in the canine GSD Ia dogs with hepatocellular tumors, we compared G6Pase activity and glycogen content between tumors and the adjacent liver. These dogs were treated with the AAV2/9- or AAV2/8-G6Pase vector without genome editing at birth and required periodic re-administration of vector cross-packaged with different AAV serotypes throughout their lives to control GSD symptoms.[@bib26] G6Pase activity was increased following vector administration, in comparison with untreated liver (p \< 0.05). Consistent with the data from L-*G6pc*^−/−^ mice, the tumors had lower G6Pase activity, in comparison with adjacent liver (p \< 0.05, t test; [Figure 3](#fig3){ref-type="fig"}A). Glycogen content was increased in the tumors, in comparison with the adjacent liver, without reaching statistical significance ([Figure 3](#fig3){ref-type="fig"}B). Histochemical staining for G6Pase expression revealed increased G6Pase in liver in comparison with the tumors ([Figures 3](#fig3){ref-type="fig"}C--3F). Taken together, these results suggest that the expression of G6Pase with an AAV vector was associated with the absence of tumor in the canine GSD Ia liver.Figure 3Biochemical Correction of Tumors and Adjacent Liver for GSD Ia Dogs after AAV AdministrationGSD Ia-affected dogs (n = 4) were treated with G6PC. WT (n = 4), carrier (n = 5), and affected without AAV (n = 3) dogs were used as a control groups. (A and B) Hepatic G6Pase activity (A) and glycogen accumulation (B) were measured. After AAV administration, glycogen level was decreased, which correlated with higher G6Pase activity in livers of affected dogs. G6Pase activity of tumor was significantly lower than adjacent liver, but glycogen accumulation levels did not differ between groups. (C--F) Representative G6Pase staining sections from unaffected (C), GSD Ia-affected (D), adjacent liver (E), and tumor (F). Dark brown spots indicate positive G6Pase staining. Tumor sections featured significantly reduced G6Pase staining spot compared to adjacent liver. Data depicted as means ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 from ANOVA and numerical p values from t test.

Analysis of AAV Integration and Tumorigenesis {#sec2.2}
---------------------------------------------

To gain insight into whether AAV vector-mediated tumorigenesis might contribute to HCA/HCC formation in the treated GSD mice, we evaluated AAV integration profiles and selected biomarkers in HCCs isolated from vector-treated neonatal mice.[@bib27] It has been well established that the absence of AAV vector genomes from tumor DNA ([Figures 2](#fig2){ref-type="fig"}A, 2D, and 2E) does not eliminate the possibility that vector integrations can contribute to HCC formation in mice, since the integration of promoter and enhancer sequences alone can drive tumorigenesis without the presence of other vector genome sequences.[@bib28], [@bib29], [@bib30] AAV vector integrations were detected using a sensitive high-throughput integration site-capture technique, and events at the *Rian* locus, which has been identified in numerous studies as a risk factor for HCC development after AAV integration in mice, were analyzed in greater detail.[@bib27] When both the tumors and adjacent unaffected liver were analyzed, only five integrations were deemed high risk based upon integration at the *Rian* locus and a high fragment count, and three of those five were detected in adjacent liver as opposed to the tumor tissue ([Table 1](#tbl1){ref-type="table"}). These high-risk *Rian* locus integrations were detected in two of 10 tumors and three of 27 unaffected liver samples analyzed. Integration events mapped near the genomic location of integration events identified in HCCs isolated from mice after treatment with high doses of AAV during the neonatal period ([Figure 4](#fig4){ref-type="fig"}A).[@bib27]Table 1AAV Integrations at the *Rian* LocusTreatmentTissueIntegration StartSequenced Fragment CountDonorliver109,606,646518Donorliver109,625,0752,410Donorliver109,631,8024,162ZFNtumor109,635,6012,820Dual vectortumor109,615,6117,236Figure 4AAV Integration and HCC Marker Analysis in Tumors and Liver(A) Integration of AAV vectors in the *Rian* locus. Mice were treated with the donor vector (AAV2/9-RoG6P), dual vectors (AAV2/9-ZFN and AAV2/9-RoG6P), or ZFN (AAV2/9-ZFN). Tumor samples indicated in red text, and adjacent liver samples indicated in blue text. (B--D) Expression of *Afp* (B), *Rtl1* (C), and *Mir543* (D) from wild-type liver, HCC from untreated L-*G6pc*^−/−^ mice[@bib13] (GSD-HCC), AAV-treated GSD Ia liver (liver), AAV-treated GSD Ia tumors (tumor), and AAV-related HCC[@bib27] (AAV-HCC) were determined by real-time PCR.

We next quantified *Afp*, *Rtl1*, and *Mir543* expression in tumor samples, because these markers have been identified in HCCs that formed after AAV vector integration.[@bib27] In contrast to what has been observed with AAV-associated HCCs in other studies, the expression of neither *Rtl1* nor *Mir543* were elevated in the tumors, supporting the hypothesis that the HCCs developed as a complication of GSD, not AAV vector integration ([Figures 4](#fig4){ref-type="fig"}B--4D).[@bib27] AFP is not elevated in GSD Ia-related HCC in humans,[@bib6]^,^[@bib7] but AFP was markedly elevated in HCC related to AAV insertional mutagenesis.[@bib27] One tumor had moderately elevated *Afp* expression, which has been reported in HCC caused by GSD Ia in the L-*G6pc*^−/−^ mice without AAV administration ([Figure 4](#fig4){ref-type="fig"}B).[@bib13] Given the lack of elevation of *Rtl1* and *Mir543* expression and the moderate elevation of *Afp*, it is more likely that tumorigenesis in mice was related to GSD Ia. The presence of AFP was analyzed in GSD Ia dog tumors to determine whether the etiology of HCC formation was more likely related to GSD Ia (low AFP)[@bib6]^,^[@bib7] or to AAV vector administration (high AFP)[@bib27] ([Figure 5](#fig5){ref-type="fig"}). RT-PCR revealed absent *Afp* expression in canine HCC samples ([Figure 5](#fig5){ref-type="fig"}A), which correlated with absent AFP on immunoblotting ([Figure 5](#fig5){ref-type="fig"}B). In contrast, neonatal canine liver revealed increased *Afp* expression by RT-PCR as expected ([Figure 5](#fig5){ref-type="fig"}A), which confirmed the ability to detect *Afp* expression. Immunohistochemistry revealed the presence of AFP in neonatal liver and its absence in canine GSD Ia HCC and normal liver ([Figure 5](#fig5){ref-type="fig"}C). The absence of AFP in canine GSD Ia HCC confirmed that GSD Ia was the most likely etiology.[@bib6]^,^[@bib7]Figure 5α-fetoprotein Expression in Dog Tumors and Liver(A and B) *Afp* mRNA level (A) and AFP protein expression (B) were measured in tumors (HCC) of GSD Ia-affected dogs (n = 6, 4) and liver of GSD Ia (n = 3). (C) Immunohistochemical (IHC) staining of tumor for AFP expression. Brown color indicates AFP expression. Unaffected adult liver (n = 2) was used as a negative control group and neonates (n = 3) were used as a positive control group.

Discussion {#sec3}
==========

Here, we present ZFN-mediated genome editing with dual AAV vectors in adult mice with GSD Ia, which decreased GSD Ia-related tumor formation in the liver. AAV vector genomes were almost undetectable in the tumors but remained relatively high in the adjacent liver. We also found that hepatocellular tumors in the AAV vector-treated GSD Ia canine model contained lower G6Pase activity in comparison with adjacent liver. Overall, this study and others support the prevailing hypothesis that sufficient G6Pase expression will prevent HCA/HCC in GSD Ia.[@bib31]^,^[@bib32]

Previous studies of AAV vector-mediated gene therapy in universal *G6pc*^−/−^ mice revealed a threshold of 3% of normal G6Pase activity to prevent tumor formation in the liver,[@bib20]^,^[@bib31] which contrasts with the high rate of tumor occurrence despite stable restoration of significant G6Pase activity with an efficacious genome-editing strategy delivered by AAV vectors in this study. The earlier age of vector administration in the neonatal period might have been protective against tumor formation in previous studies,[@bib20]^,^[@bib31] in contrast to vector administration to adult mice in the current study. Furthermore, the presence of HCC in the dog model treated with non-integrating AAV vectors emphasized that the gradual loss of vector genomes over several years increased the risk of tumor formation, which could not be demonstrated in the mouse models due to their relatively short lifespan. While long-term G6Pase activity was increased in the vector-treated GSD Ia dogs, it did not approach the same levels as that detected in carrier or wild-type dogs. G6Pase activity was sufficient to improve survival, but not to prevent tumor formation.[@bib16] Another long-term study of gene therapy in the same GSD Ia dog model reported no liver tumor formation; however, intensive nutritional management was the best explanation for tumor prevention in that study, because two GSD Ia dogs treated with nutrition alone (and no gene therapy) developed no tumors in more than 5 years of observation.[@bib33]^,^[@bib34]

Another risk factor for HCC in mice with GSD Ia has not been addressed following gene therapy---namely, the known risk for tumorigenesis related to AAV vector genotoxicity. Previous studies demonstrated a high risk for HCC formation following administration of AAV vectors to neonatal mice,[@bib27]^,^[@bib28] although one study revealed an increased risk of tumorigenesis among a large group of adult mice.[@bib35]^,^[@bib36] These studies implicated an *rAAV-HCC* locus in rodents, which stems from AAV integration in the *Rian* locus and the upregulation of the *Rtl1* gene.[@bib27]^,^[@bib36] AAV integrations across the entire 58-kb *Rian* locus have been associated with HCC.[@bib37] While *Rian* AAV integrations were currently detected in tumors from mice with GSD Ia, we did not find the upregulation of genes that have been associated with HCC following integrations into *Rian* locus.[@bib27]^,^[@bib28] These data suggested that the *Rian* integrations were not the cause of the tumors in the GSD mice. It is possible that the tissue-specific promoters included in our vectors, the liver-specific promoter (LSP) and minimal *G6PC* promoters, failed to activate the *Rian* locus, as has been described for a human alpha 1-antitrypsin promoter.[@bib27] Furthermore, AAV integrations into *Rian* that did not result in HCC have been reported, and other factors, such as the nature of the enhancers and promoters, appear to be important determinants as to whether these integrations will result in oncogenesis.[@bib27]^,^[@bib29] One of these tumors did have increased expression of *Afp*, which is upregulated in some types of HCC, including those in murine GSD Ia.[@bib13] Whether this tumor is naturally occurring or associated with a non-*Rian* genotoxic AAV integration or perhaps a sporadic event is unclear, but the aggregate results suggest that AAV gene delivery does not increase the risk of HCC formation in L-*G6pc*^−/−^ mice that has been previously attributed to G6Pase deficiency.[@bib24] Furthermore, analysis of HCC from GSD Ia dogs treated with AAV vectors did not reveal elevated AFP, consistent with an etiology of GSD Ia.[@bib6]^,^[@bib7]

Although our gene-therapy experiments were not designed to specifically examine rAAV hepatocarcinogenic effects and did not incorporate parallel transcriptomic/genomic analyses or survey HCC in large cohorts of mice to assess the strain-dependent rate of HCC formation, the aggregate results provide independent support for the hypothesis that AAV-mediated gene therapy, via the correction of hepatic G6Pase deficiency, has the potential to suppress tumor formation in the GSD Ia liver.[@bib38] These data are consistent with previously published data in the *G6pc*^−/−^ mouse model.[@bib20]^,^[@bib31]

This study replicated a sex-related difference in the response to genome editing in mice with GSD Ia, previously reported in the neonatal *G6pc*^−/−^ model.[@bib22] Administration of both the ZFN and *G6PC* donor increased G6Pase activity in liver of male mice, in comparison with the ZFN alone, but not in the population of both sexes. These data indicated that genome editing with dual vectors containing the ZFN and *G6PC* donor was not efficacious in the adult female L-*G6pc*^−/−^ model for GSD Ia. Female L-*G6pc*^−/−^ mice presented with a milder phenotype, as shown by greater resistance to hypoglycemia in comparison with males ([Figures 1](#fig1){ref-type="fig"}F and 1G), However, the degree of biochemical correction in the liver following genome editing was clearly improved in males, which confirmed that females had decreased benefits from genome editing ([Figures 1](#fig1){ref-type="fig"}C--1E). One potential explanation for this effect is the greater transduction efficiency of AAV vectors in male mice in comparison with female mice.[@bib39], [@bib40], [@bib41]

Despite the incidence of HCC in this study, the loss of the *G6PC* transgene from the tumor and presence in adjacent liver suggested a reduced risk for tumor formation from G6Pase transduction in the GSD Ia liver.

Materials and Methods {#sec4}
=====================

Preparation of AAV Vectors {#sec4.1}
--------------------------

The AAV vector plasmid pAAV-RoG6P contained the vector gene comprised of a terminal repeat (TR) at each end flanking a transgene comprised of the human G6Pase minimal promoter to drive a human G6Pase cDNA followed by a human growth hormone polyadenylation signal, which was flanked by sequences from exon 1 of the mouse *Rosa26* locus.[@bib42] The G6Pase-encoding transgene was previously described.[@bib15] The AAV vector plasmid, pAAV-ZFN, contained the transgene for the two subunits of the ROSA26-targeting "R4L6 eZFN,"[@bib43] separated by a T2A self-cleavage peptide and expressed from the LSP and flanked by TR sequences. AAV vectors were packaged as described.[@bib22]

Animal Use {#sec4.2}
----------

GSD dogs received human care, and animal studies were approved by Duke University Institutional Animal Care and Use Committee. GSD Ia-affected dogs treated with a non-integrating vector encoding *G6PC*, AAV-G6Pase, were followed up to 8 years of age.[@bib16] All required readministration of AAV vector(s), pseudotyped as a new serotype to avoid anti-AAV antibodies, due to decreased ability to maintain normoglycemia during fasting.[@bib26] Dogs with tumors were euthanized due to reaching humane endpoints related to liver and/or kidney involvement at 3 to 8 years of age. Complete necropsies were performed on all dogs and tissues were frozen, flash frozen in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA, USA), or fixed in 10% neutral-buffered formalin and stored at −80°C or 4°C, respectively. Multiple tissues including liver and kidneys were examined from all dogs.

Liver *G6pc*^−/−^ mice were injected intravenously with vectors: 1.3E+13 vector genomes (vg)/kg AAV2/9-RoG6P and 4.8E+12 vg/kg AAV2/9-ZFN at 7--8 weeks of age, following the induction of liver *G6pc* deletion at 3 weeks of life by tamoxifen injection, and the mice were monitored for 12 months of age as described.[@bib24]

All procedures involving mice were performed in accordance with the principles and guidelines established by the European Convention for the Protection of Laboratory Animals. The animal care committee of University of Lyon approved all the mouse experiments.

Quantification of DNA Repair at the Rosa26 Locus in the Liver {#sec4.3}
-------------------------------------------------------------

Liver DNA was extracted using the Wizard genomic DNA purification kit (Promega, Madison, WI, USA).The *Rosa26* locus was PCR-amplified and the Surveyor nuclease assay (Transgenomic, Omaha, NE, USA) was performed as described.[@bib22]

Low-Molecular-Weight Hirt DNA Preparation {#sec4.4}
-----------------------------------------

Liver and tumor Hirt DNA were prepared according to a previously published protocol,[@bib44] with several modifications. Specifically, 20 mg of liver or tumor tissue was homogenized in 600 μL lysis buffer (10 mM Tris-Cl \[pH 8.0\], 10 mM EDTA, 1% SDS, and 1 μL of DNase-free 10 mg/mL RNase A) and was incubated at 37°C for 1 h. 1 mg/mL Proteinase K was added to the mixture, and mixture was incubated at 37°C for 2 h. Following incubation, NaCl was added to the mixture at a final concentration of 1.1 M. After overnight incubation at 4°C, samples were centrifuged at 14,000 rpm for 30 min, and Hirt DNA was purified from the supernatants by standard phonol-chloroform extraction and ethanol precipitation.

Identification of Transgene/Mouse-Gene Junctions {#sec4.5}
------------------------------------------------

Genomic DNA was extracted from mouse liver as described above. The PCR reactions with Taq (QIAGEN, Venlo, Limburg, Germany) were performed as described.[@bib22]

Quantification of Vector DNA in the Liver {#sec4.6}
-----------------------------------------

Quantitative real-time PCR was performed using SYBR green in a LightCycler 480II (Roche, Basel, Switzerland) following the manufacturer's instructions as described.[@bib22]

Evaluation of Biochemical Correction {#sec4.7}
------------------------------------

G6Pase enzyme analysis was performed as previously described on liver tissues collected at necropsy.[@bib21] Tissues were frozen and stored at −80°C. G6Pase activity was quantified by using glucose-6-phosphate (Sigma, St. Louis, MO, USA) as substrate after subtraction of nonspecific phosphatase activity as estimated by glycerol 2-phosphate disodium salt hydrate (Sigma, St. Louis, MO, USA). G6Pase was assessed qualitatively in flash-frozen sections of dog liver by an optimized cerium-diaminobenzidine method as described.[@bib16] Glycogen content was measured by complete digestion of polysaccharide using amyloglucosidase (Sigma, St. Louis, MO, USA). The structure of the polysaccharide was inferred by using phosphorylase free of the debranching enzyme to measure the yield of glucose-1-phosphate.

Quantification of mRNA Expression in Mouse and Dog Tissue {#sec4.8}
---------------------------------------------------------

Quantitative real-time PCR was performed on cDNA reverse transcribed from total RNA collected from mouse and dog liver tissue as described.[@bib22] Primers for canine tissue were as follows: AFP-F-5′-ggattcttcccaatgttctgcag-3′; AFP-R-5′-ggtgccttcttgctatctcatag-3′; β actin-F-5′-gatgacgatatcgctgcgcttgtg-3′; β actin-R-5′-catcacgatgccagtggtgcgg-3′. Relative expression was calculated using the ΔΔC~t~ method.[@bib45]

Detection of AAV Integration and HCC Markers in Tumors and Liver {#sec4.9}
----------------------------------------------------------------

Integration detection by Ligation mediated-PCR, mapping and annotation, and real-time PCR of HCC markers were performed as described.[@bib27] Total RNA was extracted for real-time PCR and purified using Trizol reagent transcriptase (Thermo Scientific, Waltham, MA, USA) combined with Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA, USA), and cDNA was synthesized using a high-capacity cDNA reverse transcription kit (Thermo Scientific, Waltham, MA, USA). qPCR was performed with a QuantStudio 5 real-time PCR machine using Taqman assays (Applied Biosystems/Thermo Scientific, Waltham, MA, USA) for *Afp*, *Rtl1*, *Mir543*, and *Gapdh* (assay no. Mm00431715_m1, Mm02392620_s1, Mm04238293_s1, and Mm99999915_g1, respectively). Relative expression was calculated using the ΔΔC~t~ method.

Immunoblotting {#sec4.10}
--------------

Western blotting was performed as described.[@bib11] Tris/glycine/SDS running buffer (161-0732; Bio-Rad Laboratories, Hercules, CA, USA), polyvinylidene fluoride (PVDF; 162-0177; Bio-Rad Laboratories, Hercules, CA, USA), and ECL substrate reagent (34095; Thermo Fisher Scientific, Waltham, MA, USA) were used. Primary antibodies for ɑ-fetoprotein (AFP) (ab 231264; Abcam, Cambridge, MA, USA), β-actin (A3854; Sigma, St. Louis, MO, USA), and ɑ-rabbit immunoglobulin G (IgG)-conjugated horseradish peroxidase (Santa Cruz) were used.

Immunohistochemistry (IHC) {#sec4.11}
--------------------------

Hepatic tissues were fixed in 10% neutral buffered formalin, processed routinely to paraffin, sectioned at 5 μm, and immunostained for reactivity for α-fetoprotein using a rabbit polyclonal antibody known to work in canine tissue. The AFP antibody (DAKO A0008; Agilent Technologies, Santa Clara, CA, USA) was used at 1:1,000 dilution and detected with EnVision+-horseradish peroxidase (HRP)-labeled polymer anti-rabbit (DAKO K4003; Agilent Technologies, Santa Clara, CA, USA) after antigen retrieval in citrate buffer (pH 6.1) for 20 min at 100°C.

Statistical Analysis {#sec4.12}
--------------------

All data are shown as mean ± SEM. The mean values of data were compared by ANOVA for comparisons between multiple groups. p values less than 0.05 were considered statistically significant. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.
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